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The generation of anterior±posterior polarity during development in Drosophila requires the localization of determinant
molecules to the anterior and posterior poles of the embryo. Localization of the maternally synthesized nanos RNA to the
posterior pole of the embryo is essential to provide a source for a gradient of Nanos protein that directs abdomen formation.
nanos RNA localization occurs during oogenesis and requires the function of at least nine genes. cis-acting sequences that
direct nanos RNA localization lie within the nanos 3*UTR. In this analysis, we have used nanos 3*UTR deletion mutants
to de®ne the localization signal more precisely. Our results indicate that the nanos RNA localization signal is large and
complex and that targeting of nanos RNA may be achieved by the combined effects of multiple, partially independent
sequences. This idea is supported by evolutionary conservation, both in sequence and in function, of the nanos 3*UTRs
of Drosophila melanogaster and Drosophila virilis. q 1996 Academic Press, Inc.
INTRODUCTION thelial cells (Cheng and Bjerknes, 1989) where a high con-
centration of actin may drive ®lament formation. In oocytes
and embryos, RNA localization is a critical mechanism forThe ability to limit the distribution of proteins within
limiting the distribution of maternally provided RNAs thatindividual cells is essential for the polarization of differenti-
are the sole source for synthesis of proteins before the onsetated cells as well as for the generation of asymmetry during
of zygotic transcription. When localized, such RNAs servedevelopment. Targeted vesicular transport permits subcel-
as the sources for high local concentrations and/or regionallular localization of proteins that enter the secretory path-
gradients of the proteins they encode. Vg1 RNA, which en-way (reviewed in Rothman, 1994). While localization of
codes a member of the transforming growth factor b family,some cytoplasmic proteins occurs after their synthesis (as
is localized to the vegetal pole in Xenopus oocytes (Melton,in the case of Staufen and Vasa proteins, as described below),
1987; Weeks and Melton, 1987). The Vg1 protein gradientthe distribution of others is restricted by speci®c localiza-
produced in the vegetal hemisphere probably plays an im-tion of the mRNAs encoding them.
portant role in mesoderm induction (Thomsen and Melton,In somatic cells, RNA localization is important for the
1993). Among a number of RNAs localized in Drosophilatargeting of proteins to regions of the cell where their spe-
oocytes and embryos, bicoid (bcd) and nanos (nos) RNAscialized function is required. For example, actin mRNA is
encode determinant proteins whose graded distributionslocalized to the leading edge of motile chicken ®broblast
along the anterior±posterior axis of the embryo are essentiallamellopodia (Lawrence and Singer, 1986) where local syn-
for establishing embryonic anterior±posterior polarity. Lo-thesis of actin protein is required to maintain cell polarity
calized to the anterior of the embryo, bcd RNA provides(Kislaukis et al., 1994), and to the apical end of mouse epi-
the source of an anterior±posterior gradient of Bcd protein
that controls the development of head and thorax (Frohn-
hoÈ fer and NuÈ sslein-Volhard, 1986; Berleth et al., 1988;1 To whom correspondence should be addressed. Fax: (609) 258-
Driever and NuÈ sslein-Volhard, 1988). nos RNA, localized2205. E-mail: lgavis@molbiol.princeton.edu.
to the posterior of the embryo, provides the source for the2 Present address: Exelixis Pharmaceuticals, Inc., One Kendall
Square, Building 600, Cambridge, MA 02139. posterior±anterior gradient of Nos protein which directs
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abdominal development (Lehmann and NuÈ sslein-Volhard, pole cytoplasm thought to be essential for pole cell forma-
tion (Hay et al., 1988a, 1988b; Bardsley et al., 1993; L. Dick-1991; Wang and Lehmann, 1991; Barker et al., 1992; Gavis
and Lehmann, 1992). inson and R. Lehmann, unpublished results). These proteins
may thus participate in a complex that serves a dual func-To achieve subcellular localization of RNAs, cells must
possess complex machinery that functions in the recogni- tion, nos RNA localization and germline speci®cation.
Further evidence that an assembly of proteins organizedtion, transport, and tethering of RNAs. Since different
RNAs can be localized to different regions of the same cell, by Osk directs nos localization comes from the results of
misexpression of Osk protein at the anterior of the embryolocalization machinery must include components that pro-
vide speci®city to localization pathways. This speci®city (Ephrussi and Lehmann, 1992). Polar granules and pole cells
form at the anterior of these embryos (Bardsley et al., 1993;is likely to be determined by sequences within the RNAs
themselves (cis-acting sequences) as well as by cellular fac- L. Dickinson and R. Lehmann, unpublished results); nos
RNA is localized to the anterior as well (Ephrussi and Leh-tors (trans-acting factors) that interact with these se-
quences. We have previously shown that cis-acting se- mann, 1992). This novel nos localization depends also on
the wild-type function of tud and vas but not on other genesquences within the nos 3* untranslated region (3*UTR) are
suf®cient to localize heterologous RNAs to the posterior involved in posterior localization. Thus, the speci®city of
nos localization is determined minimally by the combina-pole of the embryo (Gavis and Lehmann, 1992). cis-acting
localization sequences have also been identi®ed within the tion of osk, vas, and tud functions.
To investigate the mechanism by which nos RNA is lo-3*UTRs of other RNAs localized in chicken ®broblasts,
Xenopus oocytes, Drosophila oocytes and embryos, and calized, we have de®ned further the cis-acting localization
signal sequences within the nos 3*UTR. This analysis re-Drosophila blastoderm cells (reviewed in Ding and Lipshitz,
1993; Wilhelm and Vale, 1993; Gavis and Lehmann, 1994b). vealed partial redundancy of localization function over a
large portion of the 3*UTR. We show genetically that theIn Drosophila, genetic analysis has revealed candidates
for trans-acting localization factors. The products of three pole plasm components assembled by osk are suf®cient to
recognize the localization signal sequences. Furthermore,maternally acting genes have been shown to be required for
bcd RNA localization while at least nine genes are required we show that sequences within the nos RNA localization
signal are conserved in a related species, Drosophila virilis,for nos RNA localization (reviewed in Ding and Lipshitz,
1993; Gavis and Lehmann, 1994b). Females with mutations and that localization function of the nos 3*UTR is conserved
as well.in capuccino (capu), spire (spir), mago nashi (mago), staufen
(stau), oskar (osk), vasa (vas), valois (vls), and tudor (tud)
produce embryos with wild-type levels of nos RNA that
fails to become localized (Wang et al., 1994). Since the unlo- MATERIALS AND METHODS
calized RNA is not translated, these embryos lack Nos pro-
tein and fail to develop abdominal segments (Gavis and Fly Stocks
Lehmann, 1994a). These genes also participate in the forma-
The following mutant alleles were used: osk5 (osk150; Lehmanntion of pole plasm, the specialized posterior cytoplasm, and
and NuÈ sslein-Volhard, 1991), vas1 (vasPD; SchuÈ pbach and
consequently the formation of the germline precursors or Wieschaus, 1986), vas3 (vasD1; Lehmann and NuÈ sslein-Volhard,
pole cells at the posterior pole (Boswell and Mahowald, 1991), osk-bcd3*UTR (Ephrussi and Lehmann, 1992).
1985; Lehmann and NuÈ sslein-Volhard, 1986; SchuÈ pbach
and Wieschaus, 1986; Manseau and SchuÈ pbach, 1989; Bos-
Construction of lacZ±nos3*UTR Hybrid Geneswell et al., 1991).
Analysis of the temporal requirements for the function
The plasmid containing the intact nos 3*UTR, including the nos
of these genes and of the distributions of their products polyadenylation signal, fused to lacZ (lacZ±nos3*UTR) has been
revealed that they can be ordered into a pathway requiring described (Gavis and Lehmann, 1992). The starting plasmid for all
the stepwise localization of both protein and RNA compo- lacZ±nos3*UTR deletion mutants, pCHLS, contains the hsp83 pro-
nents. Initially capu and spir act to permit proper localiza- moter fragment of pHS83CaSpeR (Lantz and Schedl, 1994), fol-
lowed by the 4.3-kb EcoRI fragment of pC4AUGbgal (Thummeltion of Stau protein (St Johnston et al., 1991). capu, spir,
et al., 1988) containing the Adh leader, lacZ coding sequences, andand stau are in turn required for localization of osk RNA
SV40 t antigen splice site and polyadenylation signal cloned into(Ephrussi et al., 1991; Kim-Ha et al., 1991). Osk protein is
CaSpeR (Pirrotta, 1988). Initially, the XbaI site between the lacZnecessary for maintenance of osk RNA and Stau protein at
and SV40 sequences was altered by end-®lling and addition of athe posterior pole (Rongo et al., 1995) as well as for posterior
BamHI linker. nos 3*UTR fragments were then inserted into thisenrichment of Vas (Hay et al., 1990; Lasko and Ashburner,
unique BamHI site in pCHLS (Fig. 1a). Because it is expressed con-
1990) and Tud (Bardsley et al., 1993) proteins. All of these stitutively during oogenesis, the hsp83 promoter was used to per-
gene products, with the addition of vls, are required for mit expression of the transgenes during this period.
localization of nos RNA (Wang et al., 1994). Vas, Tud, and The nos genomic subclone used to construct the 3*UTR deletion
Osk proteins have been shown to be components of polar mutants contains a PCR-engineered EcoRI site beginning at the
last nucleotide of the nos stop codon. This EcoRI site changes thegranules, RNA- and protein-rich structures in the posterior
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FIG. 1. Schematic structure and localization function of nos 3*UTR deletion mutants. (A) Organization of the lacZ reporter RNA
containing the Adh 5* leader (®lled box), lacZ coding region (stippled box), and SV40 polyadenylation signal (open box). nos 3*UTR
sequences were inserted at a unique site between the lacZ and SV40 sequences. (B) Organization of the nos±tub3*UTR reporter RNA,
containing the nos 5*UTR (®lled box) and coding region (stippled box), a tubulin 3*UTR sequences (open box), and nos polyadenylation
signal (®lled box). nos 3*UTR sequences were inserted at a unique site within the tubulin 3*UTR. (C) nos 3*UTR deletion mutants. Wild-
type nos 3*UTR sequences (3*UTR nucleotides 1-842) used to generate deletion mutants (see Materials and Methods) are depicted by the
open box. The sequences retained in each deletion mutant are represented by stippled bars. Relative RNA localization function of each
mutant as determined by in situ hybridization (Figs. 2 and 3, and data not shown) is indicated on a scale of ``4/'' for wild-type function
(equivalent to that of the intact 3*UTR) to ``0'' for no detectable posteriorly localized RNA. Although localization of lacZ±nos3*UTR
and nos-tub:nos3*UTR RNAs cannot be compared directly, each set of RNAs was evaluated on the same relative scale to permit comparison
of the differential localization abilities of 3*UTR regions among both sets.
®rst ®ve nucleotides of the 3*UTR from AGAGG to AATTC but element vector pDM30 (Mismer and Rubin, 1987) for germline
transformation.leaves the size of the 3*UTR intact. The ®rst nucleotide (position
1) of this nos 3*UTR, A, corresponds to A at position 2089 in the
nos genomic sequence (Wang and Lehmann, 1991). Deletions, num-
P Element-Mediated Germline Transformationbered with respect to position 1, were generated using available
restriction sites or by PCR. The integrity of all PCR-generated frag-
Injection of CaSpeRlacZ-nos3*UTR and pDM30nos-tub:
ments was established by dideoxy sequencing. Each mutant 3*UTR
nos3*UTR plasmids into Df(1)w067C23 and ry506 (Lindsley andwas inserted into the BamHI site of pCHLS after end-®lling. Mu-
Zimm, 1992) embryos, respectively, was done according totants designated ``D'' correspond to deletions from one end or inter-
Spradling (1986). At least 10 independent lines were established fornal deletions. Mutants designated ``/'' correspond to deletions from
each construct. In nearly all cases, only lacZ±nos3*UTR transgenicone or both ends that retain sequences corresponding to those de-
lines that were homozygous viable were chosen for further analysis.leted in the ``D'' mutant of the same number. The endpoints of the
This ensured optimal detection of the hybrid transgenic RNAs anddeletions are shown in Table 1. Note that all of the deletion mutant
facilitated direct comparison of expression levels between different
constructs lack the nos polyadenylation signal; their 3*-most extent
lines. nos-tub:nos3*UTR transgenic lines, which produced signi®-
is de®ned by an XhoI site that lies 10 bp upstream from the signal.
cantly higher levels of hybrid RNA (data not shown), were analyzed
as balanced heterozygotes or as single copy transgenes in homozy-
gous nosBN females.Construction of nos-tub:nos3*UTR Hybrid Genes
The D. virilis P element construct consisted of a 4443-bp XbaI±
BamHI fragment of D. virilis genomic DNA containing the entireThe nos-tub3*UTR plasmid has been described (Gavis and Leh-
mann, 1994a). nos 3*UTR fragments, generated as above, were end- nos gene cloned into pDM23 (Mismer and Rubin, 1987). The host
strain for germline transformation was ry506 (Lindsley and Zimm,®lled and inserted into a unique BstEII site within the a tubulin
3*UTR that lies 52 bp 3* to the junction of the nos coding region 1992). This transgene complements the nos mutant phenotype
when introduced into Drosophila melanogster nos0 females (Curtisand tubulin 3*UTR sequences in the nos-tub3*UTR plasmid (Fig.
1b). nos-tub:nos3*UTR hybrid genes were inserted into the ry/ P et al., 1995).
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TABLE 1
Analysis of nanos 3*UTR Deletion Mutants
Relative amount Early Posterior
nos 3*UTR mutant Sequences deleted of RNA accumulation localization
lacZ ±nos3*UTR constructsa
D1 1±96 0.7 N.D. 4/
D2 1±176 0.5 No 1/
D3 181 ±403 0.7 No 2/
D4 408 ±547 0.2 Yes 2/
D6 566 ±3* end 0.5 N.D. 4/
D7 625 ±3* end 0.7 N.D. 4/
D8 746 ±3* end 0.7 N.D. 4/
D9 97 ±403 0.7 No 2/
D10 97 ±547 0.4 No 1/
Sequences retained
/2* 97 ±185 4.6 No 0
/3 189 ±408 4.2 No 1/
/4 403 ±553 12.1 No 1/
/9 97 ±408 1.9 Yes 3/
/10 97 ±552 4.5 Yes 4/
/3*UTR 6±859 1.0 Yes 4/
nos-tub:nos3*UTR constructsb
Sequences retained
/1 6±96 0.8 N.D. 1/
/2* 97 ±185 1.0 N.D. 1/2/
/3 189 ±408 0.9 N.D. 2/
/4 403 ±553 0.8 N.D. 1/
/6 548 ±842 1.1 N.D. 0
/2 6±185 1.5 N.D. 2 1/2/
/2,3 6±408 1.0 N.D. 4/
/9 97 ±408 0.9 N.D. 3/
/10 97 ±566 1.2 N.D. 4/
/3*UTR 6±842 1.0 N.D. 4/
a lacZ-nos3*UTR constructs. Sequences deleted/retained: The 3* endpoint for D1, D2, D3, D4, D9, and D10 is position 842 of the wild-
type nanos 3*UTR. The 5* endpoint for D7, D8, and D9 is position 6. The lacZ±nosD10 transgene shown in this analysis was found to
have a tandem duplication of theD10 sequences. Subsequent analysis of a transgene containing a single copy of the D10 sequences yielded
identical results. Relative amount of RNA: Levels of lacZ-nos3*UTR deletion mutant RNAs, normalized to rp49 controls (Fig. 4), are
expressed relative to the intact lacZ±nos3*UTR hybrid RNA (/3*UTR), which was assigned a value of 1.0. In this analysis, the line
expressing hybrid RNA to the highest level for each genotype was used. Note that all ®ve other lacZ ±nosD4 lines produced RNAs with
levels of £0.1. Early accumulation: Indicates both early oocyte accumulation and transient anterior accumulation of RNA at stages 8±9.
N.D., not determined. Posterior localization: Scale described in legend to Fig. 1c.
b nos-tub:nos3*UTR constructs. Sequences retained are indicated. Relative amount of RNA: Since each nos-tub:nos3*UTR transgenic
RNA as well as the endogenous wild-type nos RNA in each sample are detected by the same probe, and the amount of wild-type nos
RNA is constant in all transgenic lines, the ratio of transgenic RNA to wild-type nos RNA was determined in each case. For each nos-
tub:nos3*UTR deletion mutant, the value expresses the ratio determined for that sample relative to the ratio determined for the intact
nos-tub:nos/3*UTR RNA, which was assigned a value of 1.0. Posterior localization: Scale described in legend to Fig. 1c.
lines, in situ hybridizations were performed in parallel on embryosWhole-Mount in Situ Hybridization
from multiple lines of a given construct and then in parallel on at
least two lines for each construct with sets of lacZ±nos3*UTREmbryos. Fixation and whole-mount in situ hybridization with
or nos-tub:nos3*UTR constructs. In one type of experiment, thedigoxigenin-labeled RNA probes were performed according to
Gavis and Lehmann (1992). To allow comparison among different alkaline phosphatase staining reactions were allowed to proceed
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FIG. 2. Whole mount in situ hybridization to embryos from lacZ±nos3*UTR deletion mutant lines. In situ hybridization experiments
using a probe speci®c for lacZ sequences were performed in parallel on embryos from different transgenic lines (see Materials and Methods).
An example of the RNA localization pattern of each deletion mutant in early embryos is shown. The labels correspond to the deletion
mutant designations described in Table 1. When localized, lacZ-nos3*UTR hybrid RNAs are detected in pole cells, from the time of their
formation, as shown for lacZ±nos/10 (/10 pc). In pole buds (left half at 4001 original magni®cation) and newly formed pole cells (right
half at 2001 original magni®cation) of some embryos, the RNA appears concentrated in two perinuclear caps (arrows). In other embryos,
the RNA appears in a perinuclear ring (not shown). These variations may re¯ect different stages of the mitotic cycles of the pole cells.
Embryos are oriented anterior left, dorsal up.
for the same amount of time for all lines tested. In another type of embryos from different lines had reached comparable levels. Analy-
sis of multiple lines for each type of reporter construct by theseexperiment, embryos from lines that expressed comparable
amounts of hybrid RNA were analyzed and the staining reactions methods yielded reproducible and consistent results.
Ovaries. Ovaries from virgin females fed for 2 days at 257Cwere stopped when the staining intensity of the anterior region of
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FIG. 2 —Continued
were dissected into EBR (Ephrussi and Beadle, 1936), washed with BamHI genomic fragment containing the entire D. virilis nos gene
(Curtis et al., 1995). Embryos were mounted in LX112 embeddingPBS, and ®xed for 30 min in 4% paraformaldehyde in PBS/10%
DMSO. Whole-mount in situ hybridization was carried out as for medium (Ladd Research Industries, Inc.). Ovaries were mounted
in Aqua Poly/Mount (Polysciences, Inc.). Mounted samples wereembryos except that proteinase K digestion was omitted, hybridiza-
tion buffer was prepared with SSC at pH 4.5, and hybridization and analyzed and photographed with a Zeiss Axioplan microscope and
Nomarski optics.washing steps were performed at 677C. The antisense lacZ RNA
probe was synthesized from the 3.4-kb BamHI±XbaI fragment of
pC4bgal containing the lacZ coding region (Thummel et al., 1988). Northern Blot Analysis
The antisense D. melanogaster nos RNA probe was synthesized
from the nos cDNA pN5 (Wang and Lehmann, 1991). The antisense Isolation of RNA, Northern blot analysis, and probe preparation
were performed according to standard methods (Sambrook et al.,D. virilis nos RNA probe was synthesized from a 4.4-kb XbaI±
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1989; Gavis and Lehmann, 1992). Each Northern blot sample con- pole was determined by in situ hybridization to embryos
tained 15 mg of total RNA isolated from 0- to 2-hr embryos produced from transgenic females. The deletion mutants differen-
by females homozygous for lacZ±nos3*UTR transgenes. 32P-labeled tially affect the extent to which RNA accumulates at the
probes were synthesized from the 3.4-kb BamHI±XbaI fragment of posterior (see below; Figs. 2 and 3). To ensure that differ-
pC4bgal (lacZ; Thummel et al., 1988) and the 600-bp EcoRI± ences in the amount of RNA detected at the posterior pole
HindIII fragment of HR0.6 (rp49; O'Connell and Roshbash, 1984).
do not result from variation in expression levels or stabili-Labeled bands were quantitated on a Fuji ``Bio-Image Analyzer''
ties of different hybrid RNAs, we analyzed four to ®ve inde-BAS 2000 phosphorimager.
pendent lines of each construct by in situ hybridization, and
at least two of these lines by Northern blotting or RNase
RNase Protection protection (Fig. 4, Table 1, and data not shown). In general,
the amount of lacZ±nos3*UTR hybrid RNA present in em-RNA was isolated from 0- to 2-hr embryos produced by females
bryos is consistently greater for lacZ-nos3*UTR ``/'' trans-heterozygous for nos-tub:nos3*UTR transgenes. RNase protection
genes than for lacZ-nos3*UTR ``D'' transgenes. By contrast,assays of total RNA were carried out using the Ambion kit and the
the amount of nos-tub:nos3*UTR hybrid RNA is similarprotocol provided. The probe was prepared by in vitro transcription
among the different deletion mutants tested (Table 1). Nev-of a 522-bp PvuII ±BglII fragment of the nos cDNA pN5 (Wang and
Lehmann, 1991) inserted into the polylinker of Bluescript (Stra- ertheless, the ability to detect differences in localization
tagene). This fragment spans the junction of the nos coding region appears to be largely independent of RNA level. While sev-
and 3*UTR. Protection of the 589-nt probe (whose full length in- eral lacZ±nos3*UTR ``D'' RNAs clearly show wild-type lo-
cludes polylinker sequences) by wild-type nos RNA yields a band of calization, several ``/'' RNAs appear predominantly or com-
522 nt whereas protection by each nos-tub:nos3*UTR RNA yields a pletely unlocalized. Most importantly, the two reporter sys-
343-nt band. Labeled bands were quantitated as above.
tems produce very similar results with respect to the
localization function of a particular 3*UTR fragment. The
one exception is the /4 region. nos-tub:nos/2,3 RNA,RESULTS which lacks this region, shows wild-type localization
whereas localization of lacZ±nosD4 RNA appears to be im-
Deletion Analysis of the nos 3*UTR paired (see below and Fig. 1c). Embryos from lacZ±nos/4
females contain strikingly high levels of hybrid RNA whileThe nos 3*UTR is both necessary and suf®cient for local-
ization of nos RNA to the posterior pole. nos RNA fails to females from six lacZ±nosD4 lines produce embryos with
greatly reduced levels of hybrid RNA (Table 1 footnote; databecome localized to the posterior pole when the nos 3*UTR
is replaced by sequences from the a tubulin 3*UTR (nos- not shown). The stability of nos-tub:nos3*UTR transgenic
RNA is not affected by this region, suggesting that struc-tub3*UTR RNA; Gavis and Lehmann, 1994a), and the hy-
brid lacZ±nos3*UTR RNA produced by fusion of the nos tural features speci®c to the lacZ reporter constructs may
contribute to the stability of these transgenic RNAs and3*UTR to heterologous lacZ sequences is localized to the
posterior pole of the embryo in a pattern indistinguishable thus the appearance of impaired D4 localization function.
Analysis of deletions from the 5* and 3* ends of the intactfrom that of wild-type nos RNA (Gavis and Lehmann, 1992).
The nos 3*UTR encompasses 849 nucleotides from the stop 3*UTR de®nes a central region that is necessary for posterior
localization. The 5* deletion mutant lacZ±nosD1 displayscodon to the polyadenylation signal. To de®ne more spe-
ci®cally those sequences that mediate posterior localiza- wild-type localization while D2 shows severely impaired lo-
calization function. Deletions from the 3* end, lacZ±nosD6,tion, we tested deletions of the nos 3*UTR in a transgenic in
vivo localization assay. Deletion mutants of the nos 3*UTR D7, and D8, and nos-tub:nos/2,3 also show wild-type local-
ization while nos-tub:nos/2 RNA is incompletely localized.were generated in vitro with available restriction sites or
by PCR using internal primers (Table 1). For a ®rst set of Thus, a 311-nucleotide region between the endpoints of D1
and/2,3 is necessary for wild-type localization (Fig. 1c). Dele-mutants, the nos 3*UTR sequences were fused to the lacZ
coding region, producing lacZ±nos3*UTR hybrid transgenes tion of this region speci®cally, as in lacZ±nosD9, signi®cantly
reduces the amount of RNA localized to the posterior pole.(Fig. 1a). For a second set, nos 3*UTR sequences were intro-
duced into a unique site in the tubulin 3*UTR of the nos± The lacZ±nos/9 and nos-tub:nos/9 mutants containing this
region show substantial, but not wild-type, posterior localiza-tub3*UTR transgene, producing nos-tub:nos3*UTR trans-
genes (Fig. 1b). Following P element-mediated germline tion. These results suggests that additional nos 3*UTR se-
quences are able to provide at least partial localization func-transformation, multiple independent transgenic lines were
established for each construct and tested for their ability tion and are required, in addition to /9, for wild-type localiza-
tion. Indeed, addition of either 5* (/1 region) or 3* (/4 region)to localize RNA to the posterior pole. To allow speci®c
detection of the nos-tub:nos3*UTR hybrid RNAs, trans- sequences to this 311-nucleotide `` core'' region as in the /2,3
and /10 mutants provides wild-type localization function.genes were introduced into nos0 females whose embryos
lack all endogenous nos RNA (Wang et al., 1994). When introduced into nos0 females, both the nos-tub:nos/2,3
and nos-tub:nos/10 transgenes completely complement theThe relative ability of the intact 3*UTR and each 3*UTR
deletion mutant to localize transgenic RNA to the posterior nos mutant phenotype.
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These results thus indicate that nos RNA localization is uted uniformly throughout all 16 cells of stage 3 to stage 9
egg chambers. All of the RNAs are expressed to high levelsmediated by a localization domain composed of partially
redundant localization sequences spread throughout a con- in the nurse cells at stage 10.
lacZ±nos/9 and lacZ±nos/10 RNAs show near wild-tiguous 547-nucleotide portion of the 3*UTR, rather than
by a single discrete sequence element. This idea is sup- type and wild-type posterior localization, respectively.
lacZ±nosD4 RNA, which contains all of the sequencesported by the complementary ®ndings that smaller dele-
tions within the 547 nucleotide localization signal (D2, D3, within lacZ±nos/9, shows a distribution similar to that of
/9 although signi®cantly less lacZ±nosD4 RNA can beand D4) do not completely abolish RNA localization and
that small subfragments of 100±200 nucleotides (/1, /2*, detected within the early oocyte and at the anterior margin
than /9. It is likely that these apparent differences result/3, and /4) derived from this domain do not provide sub-
stantial localization function. Together these experiments only from decreased stability of lacZ±nosD4 RNA (dis-
cussed above). Thus, the restricted distribution of nos RNAsuggest that sequence regions within the 3*UTR act addi-
tively to provide full localization function. during the ®rst half of oogenesis appears to be mediated by
the same sequences that mediate posterior localization. The
increased expression in the nurse cells at stage 10 is not
Requirement for the nos Localization Signal during 3*UTR-dependent and likely results from increased tran-
Early Stages of Localization scriptional activity of the nurse cell nuclei. Furthermore,
we did not ®nd discrete sequence elements that functionBoth synthesis and localization of nos RNA occurs during
oogenesis. Previous analysis of the distribution of nos RNA independently to mediate different steps during localiza-
tion.in ovaries revealed a dynamic pattern that may represent
intermediate stages of the localization process (Wang et al., During early embryogenesis, wild-type nos RNA is incor-
porated into the pole cells and becomes distributed in a1994). The Drosophila oocyte is connected by cytoplasmic
ring canals at its anterior end to 15 polyploid nurse cells characteristic perinuclear pattern. During pole cell division,
the RNA appears to associate with the spindle poles. When-(King, 1970; Mahowald and Kambysellis, 1980). Each nurse
cell/oocyte complex, surrounded by somatic follicle cells, ever hybrid RNA is localized to the posterior pole in the
early embryo, the RNA also becomes incorporated into theconstitutes an egg chamber. Throughout the ®rst 10 stages
of oogenesis, macromolecules required for growth and mat- pole cells as they bud off at the posterior, regardless of the
portion of the 3*UTR that mediates localization (Fig. 2 pcuration of the oocyte are synthesized by the nurse cells and
deposited in the oocyte through the ring canals. By stage and data not shown). Like wild-type nos RNA, the hybrid
RNAs are concentrated around the nuclei of the early pole10, the growing oocyte occupies half the volume of the egg
chamber. During stage 11 the nurse cells contract, extruding cells and are maintained in the pole cells as they migrate
to the interior of the embryo during gastrulation.their contents into the oocyte. The nurse cells disintegrate
in stages 12±14 and the mature egg is formed.
By stages 4±5, nos RNA synthesized by the nurse cells osk and vas Act Genetically through theaccumulates preferentially in the oocyte (Wang et al., 1994).
Localization SignalThe RNA appears uniformly distributed within the oocyte
until stages 8 and 9, when it accumulates at the oocyte's Recognition of the nos RNA localization signal should
depend on genes required for nos RNA localization. To testanterior margin. By stage 10, however, the RNA again ap-
pears uniform within the oocyte while a high level of ex- this, the lacZ±nos/10, lacZ±nosD10, and nos-tub:nos/10
transgenes were introduced into females lacking osk or vaspression is detected in the nurse cells. This newly tran-
scribed RNA is deposited in the oocyte with the contraction function (Figs. 6a, 6b, and 6c, and data not shown). In all
cases, the hybrid RNA failed to become localized to theof the nurse cells following stage 10; posteriorly localized
nos RNA can be detected only at the very latest stages of posterior pole, indicating that the osk-dependent localiza-
tion machinery acts through sequences within the nos RNAoogenesis.
If the observed distribution of nos RNA during oogenesis localization signal. D10 is composed of the /6 region,
which has no localization function, and the /1 region,re¯ects intermediate steps in the localization pathway,
these steps should depend upon the localization signal. which has weak function. Therefore, the weak localization
of lacZ±nosD10 RNA appears to be provided by the /1Therefore, we analyzed the distribution of lacZ±nos3*UTR
deletion mutant RNAs during oogenesis to test whether region. We ®nd no primary sequence similarity among the
partly redundant /1, /2*, /3, and /4 elements, suggestingthe /10 localization domain, subregions of this domain, or
sequences outside of this domain could mediate any of these that there is no single discrete primary sequence element
that is the target of the osk-dependent trans-acting localiza-localized distributions. Only lacZ±nosD4, lacZ±nos/9,
and lacZ±nos/10 accumulate preferentially in the early oo- tion factors.
osk RNA becomes localized to the anterior of the embryocyte and at the anterior margin at stages 8±9 (Fig. 5, Table
1, and data not shown). The remaining RNAs, which have when its 3*UTR is replaced by that of the bcd 3*UTR (osk±
bcd3*UTR; Ephrussi and Lehmann, 1992). Embryos fromreduced or no posterior localization function, are distrib-
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localization through sequences within the nos localization
signal. Since localization of the lacZ±nos/9 RNA is simi-
larly reduced at both ends, the differences among the dele-
tion mutants in their degree of posterior localization likely
results from decreased ability to be recognized by the osk-
dependent localization machinery.
Functional Conservation of the D. melanogaster
and D. virilis nos 3*UTRs
Because of the large size and partial redundancy of the nos
RNA localization signal and the lack of sequence similarity
between the nos 3*UTR and other known localization sig-
nals, the functional signi®cance of its sequence is not
readily apparent. Comparison of the nos RNAs from the
two species D. melanogaster and D. virilis, however, reveals
evolutionary conservation of the mechanism of posterior
localization. RNA encoded by the nos gene of D. virilis is
localized to the posterior pole of D. melanogaster embryos
from females carrying a D. virilis nos transgene (Figs. 7a
and 7b). Consistent with the ability of the D. virilis nos
RNA to be recognized by the D. melanogaster localization
machinery, the two nos 3*UTRs show extensive sequence
FIG. 3. Whole mount in situ hybridization to embryos from nos-
tub:nos3*UTR deletion mutant lines. Transgenes were introduced
into nos0 females whose embryos lack endogenous nos RNA. In
situ hybridization experiments were then performed in parallel on
embryos from different transgenic lines in such a nos0 background. FIG. 4. Northern blot analysis of RNAs from lacZ±nos3*UTR
A probe speci®c for nos sequences therefore detects only the deletion mutants. Total RNA prepared from 0- to 2-hr embryos of
transgenic RNA. An example of each deletion mutant is shown. each genotype was analyzed by Northern blotting with a lacZ probe
Embryos are oriented anterior left, dorsal up.
(*lacZ). Hybridization with a probe for the ribosomal protein rp49
(*rp49) permitted quantitation of the relative amounts of RNA
among the different genotypes. For each genotype, the lacZ probe
detects two RNA species. A nos 3*UTR probe detects only the more
osk±bcd3*UTR females produce Osk protein at both the slowly migrating species (upper band), indicating that the more
rapidly migrating species (lower band) represents a transcript thatanterior and posterior ends; furthermore, nos RNA is local-
terminates prematurely within the lacZ gene (data not shown).ized to both ends and directs formation of two abdomens
A similar phenomenon has been observed with lacZ±bcd3*UTRin mirror image symmetry. We examined the distribution of
hybrid constructs (Kim-Ha et al., 1993). The origin of the additionallacZ±nos3*UTR RNAs in osk±bcd3*UTR females carrying
species detected in lacZ±nosD7 RNA is unclear but they occur inlacZ±nos3*UTR transgenes. Like wild-type nos RNA,
RNA prepared from multiple independent lines. All deletion mu-lacZ±nos/10 RNA is localized to both anterior and poste-
tant RNAs are larger than the lacZ-nos3*UTR RNA because they
rior poles of the embryo (Fig. 6d). Examination of lacZ± contain additional SV40 t antigen sequences at their 3* ends (see
nos/9 revealed that this RNA is localized to both poles but Materials and Methods). The RNA produced by the lacZ±nosD10
that both posterior localization and anterior localization transgene used in this experiment shows reduced mobility from
are reduced relative to that of /10 (Fig 6e). Thus, the osk- that predicted for lacZ ±nosD10 RNA due to duplication of the D10
sequences (see footnote to Table 1).dependent localization machinery is suf®cient to mediate
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conservation (Fig. 7c). The 3*UTRs of both genes are similar
in size; the D. melanogaster nos 3*UTR comprises 849 nu-
cleotides from the ®rst nucleotide following the translation
termination codon to the polyadenylation signal while the
equivalent region in D. virilis is 781 nucleotides. Alignment
of the D. melanogaster and D. virilis nos 3*UTR sequences
reveals 10 discrete segments of sequence similarity, which,
with one exception, are colinear in the 5* to 3* direction
between the two 3*UTRs (Figs. 7c and 7d).
Five of these segments fall within the D. melanogaster
nos RNA localization signal (Fig. 7d), whereas the re-
maining ®ve lie downstream from the 3* boundary. The
®rst ®ve segments are, in general, longer and more balanced
in base composition while the segments found 3* to the
localization signal are shorter and rich in A and T nucleo-
tides. The ®ve segments within the localization signal dis-
play 65±80% nucleotide identity over lengths ranging from
35 to 69 nucleotides. The elements downstream from the
signal show 69±74% identity over lengths of 24±45 nucleo-
tides. The ability of the D. virilis nos 3*UTR to direct poste-
rior localization in D. melanogaster suggests that these
highly conserved sequences, and in particular, those within
the D. melanogaster localization signal, represent targets
of the localization machinery. The presence of multiple
conserved sequence elements is consistent with the partial
redundancy of localization function exhibited by sequences
throughout the 3*UTR.
DISCUSSION
Organization of the cis-Acting nos RNA
Localization Signal
We have de®ned cis-acting sequences within the nos
3*UTR that are both necessary and suf®cient for localiza-
tion of RNA to the posterior of the embryo. This RNA
localization signal occupies a large region of the 3*UTR
(547 nucleotides) and contains sequences that are par-
FIG. 5. Distribution of lacZ ±nos3*UTR mutant RNAs during oo-
tially redundant in function. Two overlapping domainsgenesis. (A) Whole mount in situ hybridization to ovaries from
of 469 nucleotides (/10) and 402 nucleotides (/2,3) arelacZ±nos/10 females with a lacZ probe. The hybrid RNA is en-
suf®cient to direct a wild-type pattern of posterior local-riched within a single cell of 16 cell cysts in region 3 of the germar-
ization. The large size and the partial functional redun-ium (small arrows) and in the early oocyte of stage 2±7 egg cham-
dancy of the nos localization signal is reminiscent ofbers (between arrowheads). The ability to detect enrichment prior
to stage 4, when wild-type nos RNA is ®rst detected (Wang et 3*UTR signals of other localized RNAs such as the anteri-
al., 1994) is likely due to the higher level expression of the hsp83 orly localized bcd RNA (Macdonald and Struhl, 1988;
promoter compared to the nos promoter during the earliest stages Macdonald et al., 1993), the posteriorly localized osk
of oogenesis. As seen for wild-type nos RNA, the late stage 8 oocyte RNA (Kim-Ha et al., 1993), and the Xenopus Vg1 RNA
shows accumulation at the anterior margin (large arrow). When
stage 8±9 oocytes are viewed end on prior to mounting, this accu-
mulation appears as a distinct ring around the circumference of
the anterior oocyte cortex (not shown). lacZ±nos/9 RNA displays
a similar pattern to /10 while enrichment of D4 is more dif®cult a lacZ±nosD4 female showing a high concentration of RNA in the
to detect (not shown). (B) Ovariole from lacZ ±nosD3 female. lacZ± nurse cells characteristic of wild-type nos and all of the 3*UTR
nosD3 RNA is detected uniformly in the germarium and through- deletion mutant RNAs at this stage. Posterior localization of lacZ±
out all cells of the stage 2±9 egg chambers. lacZ ±nosD2, D9, D10, nos3*UTR RNAs does not occur until the latest stages of oogenesis
/2*, /3, and /4 RNAs behave similarly. (C) Stage 10 oocyte from (data not shown).
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(Mowry and Melton, 1992). Deletion of any of ®ve small
noncontiguous regions within the bcd 3*UTR impairs lo-
calization, suggesting that localization function is dis-
tributed over an 400-nucleotide region of the bcd
3*UTR. Deletion of a 259-nucleotide region impairs trans-
port of osk RNA into the oocyte while deletion of a sepa-
rate 322-nucleotide region impairs posterior localization.
Sequences spanning 340 nucleotides of the Vg1 3*UTR
are necessary and suf®cient for vegetal localization in
Xenopus oocytes. Thus, signals directing RNA localiza-
tion appear to be large in size and complex in organiza-
tion.
The Localization Signal Functions during Different
Stages
Like nos, both bcd (St Johnston et al., 1989) and osk
(Ephrussi et al., 1991; Kim-Ha et al., 1991) RNAs display a
progression of distribution patterns during oogenesis. All accu-
mulate preferentially in the early oocyte and both osk and nos
display a transient anterior accumulation at stages 8±9 before
posterior localization occurs. For both bcd (Macdonald et al.,
1993) and osk (Kim-Ha et al., 1993), small regions of the 3*UTR
have been shown to mediate discrete steps in this progression.
The bcd BLE1 element is suf®cient to mediate accumulation
of bcd in the early oocyte and initial localization to the anterior
of the oocyte during stages 7±8, but cannot maintain anterior
localization after stage 9 (Macdonald et al., 1993). The osk
3*UTR contains several elements that are differentially re-
quired for early oocyte accumulation, transient anterior margin
accumulation, and posterior localization (Kim-Ha et al., 1993).
These results have led to the proposal that localization signals
are composed of modular elements, each of which directs an
individual step in the localization pathway. Indeed, as speci®c
deletions within the bcd 3*UTR disrupt particular steps in the
localization process (Macdonald et al., 1993; Ferrandon et al.,
1994), mutations in trans-acting genes show distinct effects
on bcd RNA localization (FrohnhoÈfer and NuÈsslein-Volhard,
1987; St Johnston et al., 1989). Our experiments have not re-
vealed a modular organization of the nos 3*UTR in which
different ``modules'' have distinct functions in the localization
FIG. 6. Distribution of lacZ ±nos/9 and /10 RNAs in mutants
that affect nos RNA localization. Whole mount in situ hybridiza-
tion with a lacZ probe to embryos from (A) lacZ±nos/10, (B)
lacZ±nos/10; osk0, (C) lacZ ±nos/10; vas0, (D) lacZ ±nos/10;
osk ±bcd3*UTR, (E) lacZ±nos/9; osk ±bcd3*UTR females. In the
absence of osk or vas function, lacZ±nos/10 RNA is detected
uniformly throughout the embryo (B, C). The RNA is localized
to both anterior and posterior poles when Osk protein is present
at both poles (D). lacZ±nos/9 RNA is also detected at both poles
in these embryos (E), but the ef®ciency of localization relative
to /10 RNA is reduced at both sites. Embryos are oriented ante-
rior left, dorsal up.
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FIG. 7. Evolutionary conservation of 3*UTR sequence and localization function. (A) Whole mount in situ hybridization with a D. virilis
nos probe to an embryo from a D. melanogaster female carrying the D. virilis nos transgene. The distribution of D. virilis nos RNA
produced from the transgene is indistinguishable from that of the endogenous D. melanogaster nos RNA (compare with Fig. 3). (B) Control
embryo from a wild-type D. melanogaster female hybridized in parallel with the D. virilis nos probe used in (A). The D. virilis probe does
not detect D. melanogaster nos RNA. (C) Alignment of D. melanogaster and D. virilis nos 3*UTR sequences. The D. melanogaster nos
3*UTR sequence (Wang and Lehmann, 1991) from the ®rst nucleotide after the stop codon (position 1) to the beginning of the polyA tail
(position 872) is shown as the reference sequence. Regions of alignment to the D. virilis nos 3*UTR sequence are shown below it; the
®rst nucleotide after the D. virilis stop codon is numbered 2506. Dashes indicate identities with the D. melanogaster sequence; dots
indicate gaps inserted to maintain alignment. The polyadenylation signal, which is not included in the nos 3*UTR deletion mutant
constructs, is underlined. The full sequence of the D. virilis nos 3*UTR is available under GenBank Accession No. U24695 (Curtis et al.,
1995). (D) Schematic representation showing the arrangement of segments of sequence similarity between the D. melanogaster and D.
virilis nos 3*UTRs and their relationship to the nos RNA localization signal and the subregions de®ned in this analysis. Sequences of the
3*UTRs from the ®rst nucleotide to the polyadenylation signal are represented. The sequence segments are colinear with one exception,
as indicated by lines connecting the similar regions.
process. Rather, our results suggest additive effects of 3*UTR though the signi®cance of these early distributions is un-
known, the fact that they require the localization signal sug-sequences since we ®nd that only rather large regions have
substantial posterior localization function and that these re- gests that they are intermediates in the nos localization
pathway.gions also mediate the early distributions of nos RNA. Al-
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Conservation of Localization Signal Sequences all required for pole plasm formation and have been shown
to be associated with polar granules (L. Dickinson and R.
The D. melanogaster nos RNA localization signal shows Lehmann, unpublished results; Bardsley et al., 1993; Hay
signi®cant sequence similarity to the D. virilis nos 3*UTR et al., 1988a, 1988b). The ability of Osk and Vas to mediate
within ®ve colinear segments. By contrast, the nos 3*UTR localization through the nos localization signal supports a
does not share such similarity with the 3*UTRs of other model in which these proteins interact as a complex with
posteriorly localized RNAs (Kim-Ha et al., 1993; E. R. the nos localization signal. Osk and Vas appear to act only
Gavis, unpublished results). Since the nos 3*UTR also in- at the late stages of localization, however, since the early
cludes sequences involved in translational regulation of nos accumulation of nos RNA in the oocyte as well as the tran-
RNA (Gavis and Lehmann, 1994a), evolutionary conserva- sient anterior accumulation at stages 8±9 occur in egg
tion within some segments may be related to this role in chambers from osk0 and vas0 females (E. R. Gavis, unpub-
addition to or instead of localization. The ability of the D. lished results). Consistent with this result, Osk protein is
virilis nos RNA to be recognized by the D. melanogaster detected only at the posterior pole of the oocyte, coincident
localization machinery suggests that at least some of these with posterior localization of osk RNA at stage 8 (Kim-Ha
sequences are the targets of components of this machinery. et al., 1995; Rongo et al., 1995, Markussen et al., 1995).
The redundancy of localization function observed through- Since the earlier steps of nos RNA localization are also
out a large portion of the nos 3*UTR suggests that there are mediated by the localization signal, however, different fac-
multiple targets or that secondary structure, in conjunction tors must recognize the signal at these stages.
with primary sequence, is the actual target. The results of Although a number of RNAs are enriched at or localized
the deletion analysis argue against a global 3*UTR second- to the posterior pole in oocytes and embryos, differences
ary structure but are consistent with the formation of multi- are apparent in how each is localized. osk RNA is localized
ple regions of local structure. The presence of any individual signi®cantly earlier than nos, germ cell-less (gcl), pumilio
structured region would be suf®cient for a low level of pos- (pum), and cyclin-B (cycB) and requires only a subset of
terior localization. Secondary structure prediction analysis the genes required for localization of the other four. osk
reveals numerous possibilities for both the D. melanogaster RNA is not incorporated into pole cells whereas the others
RNA localization signal and the equivalent region of the D. are and, as shown for nos (this paper) and osk (Rongo et
virilis nos 3*UTR (E. R. Gavis and R. Lehmann, unpublished al., 1995), this difference appears to be 3*UTR dependent.
results). Unlike results from a similar cross-species analysis Among RNAs localized late in oogenesis, nos (Wang and
of the bcd localization signal (Macdonald, 1990), no pre- Lehmann, 1991) and gcl (Jongens et al., 1992) show much
dicted extended structure encompassing the entire localiza- greater enrichment at the posterior than do pum (Barker et
tion signal is shared between the two species. Three of the al., 1992; Macdonald, 1992) and cycB (Dalby and Glover,
individual conserved segments are predicted to form stem- 1992). These RNAs may thus show differential af®nity for
loop structures, however, supporting a model of multiple components of the localization machinery. nos (Wang et
locally structured regions. While such predictions are sug- al., 1994) and gcl (Jongens et al., 1992) have very similar
gestive, additional experiments will be required to deter- genetic requirements for localization. Although the gcl lo-
mine if these structures do indeed form in the native local- calization signal has not been mapped, the nos localization
ization signals and if they contribute to localization func- signal and the gcl 3*UTR show no signi®cant primary se-
tion. quence similarity (E. R. Gavis, unpublished results). Thus,
the same set of trans-acting factors may recognize entirely
different sequence features, or some structural feature com-Recognition of the Localization Signal by trans-
mon to these 3*UTRs. Alternatively, additional speci®cActing Factors
trans-acting factors may be required to allow shared compo-
nents of the localization machinery to interface with differ-The localization of nos RNA to the posterior of the em-
bryo appears to be part of an assembly pathway for pole ent localization signals.
Null and strong mutations in osk and vas result in com-plasm. Genetically, the osk, tud, and vas gene products are
suf®cient to determine where nos is localized and, among plete failure of nos RNA localization to the posterior (Wang
et al., 1994) and the loss of all abdominal segments (Leh-the components of the genetically de®ned localization path-
way, appear to act most proximal to the step of localizing mann and NuÈsslein-Volhard, 1986, 1991; SchuÈ pbach and
Wieschaus, 1986). The strongest alleles of tud show highlynos RNA to the posterior pole (Ephrussi and Lehmann,
1992). Our results show that the nos RNA localization sig- variable nos RNA localization and corresponding variation
in abdominal development (Boswell and Mahowald, 1985;nal is clearly a target for these localization components.
The requirement for other genes such as capu, spir, and Wang et al., 1994). None of these mutations produces con-
sistent partial localization defects like those of nos 3*UTRstau may be mediated solely through their function in osk
RNA localization (Ephrussi et al., 1991; Kim-Ha et al., mutants described here and each can cause complete failure
of nos RNA localization. This suggests a model in which1991), although an additional role in nos RNA localization
has not been ruled out. The Osk, Tud, and Vas proteins are Osk, Vas, and Tud act in a complex to promote or stabilize
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Ephrussi, A., and Lehmann, R. (1992). Induction of germ cell forma-the interaction of a set of as yet unknown factors with
tion by oskar. Nature 358, 387±392.speci®c regions of the 3*UTR. These unknown factors may
Ephrussi, B., and Beadle, G. W. (1936). A technique of transplanta-provide the speci®city observed for the differences in poste-
tion for Drosophila. Am. Nat. 70, 218±225.rior localization of different RNAs late in oogenesis. Since
Ferrandon, D., Elphick, L., NuÈ sslein-Volhard, C., and St Johnston,elimination of any one factor may cause only a weak local-
D. (1994). Staufen protein associates with the 3*UTR of bicoidization defect, mutations in such factors may not have been
mRNA to form particles that move in a microtubule-dependent
identi®ed in conventional genetic screens. manner. Cell 79, 1221±1232.
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